Abstract. In this paper we present a statistical analysis on the geometrical and optical properties of Saharan dust layers observed over Athens, Greece, in a three-year period from 1 January 2004 up to 31 December 2006. The observations of the vertical aerosol profile were performed by the multi-wavelength (355-532-1064-387-607 nm) Raman lidar system of the National Technical University of Athens (NTUA) operated in the city of Athens (37 • 98 N, 23 • 77 E), Greece, in the frame of the European Aerosol Research Lidar Network (EARLINET-ASOS) project. The number of dust events was greatest in late spring, summer, and early autumn periods. This was evident also by aerosol observations during dust outbreaks obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS). In our lidar measurements, multiple aerosol dust layers of variable thickness (680-4800 m) were observed. The center of mass of these layers was located in altitudes between 1600 and 5800 m. However, the mean thickness of the dust layer typically stayed around 2700 m and the corresponding mean center of mass was of the order of 2900 m. The top of the dust layer ranged from 2000 to 8000 m, with a mean value of the order of 4700 m. MODIS observations during dust outbreaks showed that the AOD values at 550 nm ranged between 0.3-0.6, while the corresponding Angström exponent (AE) values were of the order of 0.5-0.65, indicating the presence of rather large particles.
Introduction
Aerosols, are very important constituents of the atmosphere. They scatter and absorb solar and terrestrial radiation (direct effect) and alter the physical, optical, and lifetime properties of clouds and thus the precipitation formation (indirect effect), as they act as cloud condensation nuclei (Levin et al., 1996; Sokolik and Toon, 1999; Rosenfeld et al., 2001; Kaufman et al., 2002; Teller and Levin, 2006; Hatzianastasiou et al., 2007; Haywood et al., 2008; Johnson et al., 2008) .
According to the latest report of the Intergovernmental Panel on Climate Change (IPCC) (Forster et al., 2007) , the climatic role of dust aerosols is now better quantified than in the past, thus, a total direct aerosol radiative forcing, combined across all aerosol types, can now be given as −0.5±0.4 W/m 2 , with a medium-low level of scientific understanding. However, the overall uncertainties in the radiative forcing effect of dust (anthropogenic and natural) remain still very high. These uncertainties can only be reduced by better quantifying the vertical and horizontal distribution of dust in the globe. Lidar aerosol measurements of the vertical distribution of the optical properties of dust can contribute to such quantification.
Mineral dust is an important component of the atmospheric aerosol loading. According to Kinne et al. (2006) mineral dust accounts for about 75% of the global aerosol Published by Copernicus Publications on behalf of the European Geosciences Union.
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A. Papayannis et al.: Systematic lidar observations of Saharan dust layers over Athens mass load and 25% of the global aerosol optical depth. The African continent, especially its northern part (Sahara desert), the Saudi Arabian regions, as well as the Asian continent (eastern areas), are the main sources of dust around the globe (Duce, 1995; Marticorena et al., 1997; Prospero et al., 2002; Engelstaedter and Washington, 2007) .
Several operational dust forecasting models have been developed so far. These models include parameterizations for dust uplift, dust transport, and dust deposition and provide forecasting diagnostics such as aerosol optical depth (AOD) and/or dust load, dust surface concentration, as well as vertical profiles of dust concentration (Nickovic et al., 2001; Pérez et al., 2006; Menut et al., 2007; Greed et al., 2008; Laurent et al., 2008; Menut, 2008) . These models have been validated across case study analyses over Europe-N. Africa and Asia, where it has been shown that they can provide very good forecast of dust events, several hours ahead (Menut et al., 2007; Papayannis et al., 2007; Greed et al., 2008; Jiménez-Guerrero et al., 2008) .
Aerosols also influence the Earth's biogeochemical cycles (Jickells et al., 2005; Kaufman et al., 2005) , while dust clouds have also a large impact on human health as they transport infectious micro-organisms to distances up to several thousands of km (Prospero, 1999; Molesworth et al., 2002; Sultan et al., 2005) . For all the above-cited reasons there is a strong need for aerosol vertical profile monitoring over the globe, especially over sites closely spaced to important dust source regions.
Passive remote sensing of dust particles cannot document and characterize long-range transport of aerosols in the free troposphere, although some first results on long-term satellite observations of air pollution on the global-scale were reported by Husar et al. (1997) . However, passive satellite sensors cannot distinguish between particles in the planetary boundary layer (PBL) and the free troposphere, thus, the retrieved parameters describe mostly a mixture of different aerosol types. On the other hand, active remote sensing (lidar technique) can retrieve the vertical profile of the optical and microphysical properties of the aerosol particles from the lower troposphere up to the upper mesosphere with high temporal and spatial resolution Balis et al., 2006; Papayannis et al., 2007a, b; Mattis et al., 2008) . Systematic aerosol lidar measurements over Greece have started on May 2000 within the frame of the EARLINET project (Bösenberg et al., 2003) . The works of Balis et al. (2004) and Balis et al. (2006) gave some first information on basic optical properties of dust particles over Greece in the Eastern Mediterranean region, as obtained by the analysis of lidar data obtained during case studies of specific dust outbreaks occurred over Greece. In addition, the works of Papayannis et al. (2005) and Amiridis et al. (2005) made possible, for the first time, the estimation of the vertical extent and optical properties of free tropospheric dust layers (mean values of the aerosol backscatter and extinction coefficients and the extinction-to-backscatter ratio (lidar ratio, LR) at 355 nm), as well as the seasonal distribution of Saharan dust outbreaks over two sites in Greece, under cloud-free conditions for a three to four years period: 2000-2002 and 2001-2004, respectively. In this paper we present a statistical analysis of the Sahara dust events observed over Athens, Greece, in a threeyear period from 1 January 2004 up to 31 December 2006. Due to major hardware lidar system upgrades the acquired data before 1 January 2004 are not fully compatible with those analyzed in this paper. Therefore, they cannot be taken into account as a homogeneous lidar data timeseries. Section 2 of this paper gives a brief presentation of the lidar measurements over Athens, as well as a brief description of the BSC Dust Regional Atmospheric Model (BSC/DREAM). It presents also the criteria applied to characterize an aerosol layer as dust layer and discuss the monthly averages of dust occurrences observed and forecasted over Athens. Section 3 focuses on the lidar data analysis, supported by satellite (MODIS: Moderate Resolution Imaging Spectroradiometer) aerosol observations, during dust events in the reported period. Finally, Sect. 4 presents our concluding remarks.
Methodology and measurements

Lidar measurements over Athens within EARLINET
The lidar system of the National (Böckmann et al., 2004; Matthias et al., 2004a; Pappalardo et al., 2004) . In order to get reliable and quantitative lidar aerosol data several techniques and methods have to be combined. For example, the standard backscatter lidar technique is appropriate to retrieve aerosol parameters mostly for small optical depths, as in clean areas, assuming a reference height in an aerosol-free area, as for example the upper troposphere. In this case, the Klett inversion technique is used to retrieve the vertical profile of the aerosol backscatter coefficient (b aer ) at the respective wavelengths (Klett, 1985) . The resulting average uncertainty on the retrieval of b aer (including both statistical and systematic errors and corresponding to 30-60 min. temporal resolution) in the troposphere is of the order of 20-30% (Bösenberg et al., 1997) . To overcome this large uncertainty associated with this technique, the Raman N 2 lidar technique was adopted and implemented, as discussed previously. Using the methodology proposed by Ansmann et al. (1992) the measurement of the elasticbackscatter signals at 355 and 532 nm, as well as that of the N 2 inelastic-backscatter signals at 387 and 607 nm, permits the determination of the extinction (a aer ) and backscatter (b aer ) coefficients independently of each other and, thus, of the extinction-to-backscatter ratio, the so-called lidar ratio (LR) at both wavelengths (355 and 532 nm). Thus, the uncertainties of the retrieved b aer vertical profiles are of the order of 10-15% (Mattis et al., 2002) . The vertical profiles of b aer referring to measurements performed before the local sunset time (∼19:00 UT) were retrieved by using the Klett technique, assuming a lidar ratio value equal to 45 sr. This value is typical for a mixture of dust and marine aerosols at mid-latitudes . Since the Raman lidar signals have a very low intensity, the Raman lidar measurements are possible only during nighttime conditions.
According to the EARLINET protocol the lidar measurements are performed regularly three times per week: one around noon, when the PBL is well developed, and two within a time window of 1 h before and up to 3 h after the sunset. In addition, when Saharan dust conditions are forecasted, the measuring schedule is altered and additional lidar measurements are performed (Bösenberg et al., 2003) . Sometimes, especially during the cold period (late autumnearly spring), weather conditions did not permit us to perform lidar measurements mostly due to the presence of low clouds or rain showers.
The BSC/DREAM dust model
The dust forecast is based on the operational outputs (aerosol dust load) of the BSC/DREAM (operated in Barcelona, Spain: http://www.bsc.es/projects/earthscience/ DREAM/) model (Nickovic et al., 2001) . The model simulates or predicts the 3-dimensional field of the dust concentration in the troposphere. The dust model takes into account all major processes of dust life cycle, such as dust production, horizontal and vertical diffusion and advection and wet and dry deposition. The model also includes the effects of the particle size distribution on aerosol dispersion. In this version of the model the dust mass is described by particles with four sizes, resulting from the structure of desert soils based on the content of clay, small silt, large silt and sand. The model numerically solves the Euler-type mass partial differential equation by integrating it spatially and temporally. The dust production is parameterized using nearsurface turbulence and stability, as well as soil features. The dust production mechanism is on based Shao et al. (1993) , viscous/turbulent mixing close to the surface and soil moisture content. The resolution of the model is set to 50 km in the horizontal and to 15 km in the vertical. Recently, BSC/DREAM was coupled to the combined photochemical forecast MM5-EMEP-CMAQ modelling system to provide an integrated air quality model with remarkable improvement in the discrete and skill-scores evaluation of PM 10 exceedances in the Iberian Peninsula (Jiménez-Guerrero et al., 2008) .
The MODIS instrument
The Moderate Resolution Imaging Spectroradiometer (MODIS) was launched in December 1999 on the polar orbiting Terra spacecraft and since February 2000 has been acquiring daily global data in 36 spectral bands from the visible to the thermal infrared (29 spectral bands with 1 km, 5 spectral bands with 500 m, and 2 with 250 m, nadir pixel dimensions). The MODIS aerosol products are only created for cloud-free regions. The atmospheric optical depth (AOD) values are retrieved by MODIS at 550 nm for both ocean (best) and land (corrected) as described by the MODIS sensor website (http://modis-atmos.gsfc.nasa.gov/products.html). Kaufman and Tanré (1998) suggested that 1 standard deviation of retrievals would fall within ±(0.03+0.05 t) over ocean and ±(0.05+0.15 t) over land, where t is AOD. These error bounds, derived pre-launch are referred to as the "expected error." Several MODIS validation studies have been performed, during pre-launch and post-launch procedures regarding the aerosol optical properties such AOD measurements using ground-based instrumentation (Chu et al., 2002 Eck et al., 2003; Misra et al., 2008; Prasad and Singh, 2009 ).
Dust events occurrences
A set of three criteria has been applied to characterize the aerosol lidar data as "Saharan dust" profiles following the directions given by Papayannis et al. (2008) : a) presence of a distinct aerosol dust layer using the first derivative of the lidar signal as in Menut et al. (1999) , b) aerosol layer's origin is the Saharan region and c) forecast by the BSC/DREAM model. Following those criteria over 3 years of regular and special measurements, we identified aerosol layers related to Saharan dust outbreaks for a total of 79 days. The relative monthly distribution of the number of observed dust days is presented in Fig. 1 (hatched columns) . We see that two relative maxima are observed in May and September, while the larger number of Saharan dust observations is found in the April-September period (Fig. 1) . The low number of dust N u m d e r o f S a h a r a n d u s t e v e n t s M o n t h F o r e c a s t e d S a h a r a n d u s t e v e n t s O b s v e r v e d S a h a r a n d u s t e v e n t s intrusions during the cold period (October-March) can be related to the low dust emission over the Saharan region typical of this period (Marticorena et al., 1997) , the possible aerosol wash-out during their way to Europe and to the strong seasonal behaviour of the dust transport in the Mediterranean area (Prospero et al., 2002; Papayannis et al., 2008) .
Additionally, using the BSC/DREAM forecast model a large number of forecasted dust events was produced. However, in this paper we considered as "model-forecast" dust days, those for which the dust loading from BSC/DREAM was greater than 0.05 g/m 2 . In this way 307 model-forecast dust days were found in total over our site (Fig. 1, white  columns) during the reported period. The under-sampling of the dust events by the lidar observations with respect to the "model-forecast" days could be explained by the fact that lidar measurements could not be taken when unfavourable meteorological conditions prevailed (low-lying overcast or rainy conditions) over a specific measuring site or when technical problems occurred to the lidar system. Using the forecasted dust days (white column) we find that the spring, summer (except July) and autumn months are mainly influenced by the dust transport over Athens.
However, we decided to consider for our statistical analysis only those dust events over our site, for which the forecasted total dust load was higher than 1.0 g/m 2 (equivalent to AOD>0.5 at 550 nm). This threshold was set to discriminate between small and moderate to strong dust events, in consistency with dust models and previous observations (Tegen, 2003; Kaskaoutis et al., 2007; Papayannis et al., 2007a; Greed et al., 2008) . In that way we selected to analyze the aerosol lidar measurements only for the strong dust days. Using this criterion we limited our aerosol vertical profiles to 40 out of the 79 available days. This is shown in Fig. 2 where the seasonal distribution of the strong dust events is given, as observed over our site. From that figure we see that two maxima are observed: one in May and one in September. For the rest of the months, the observed number of dust events follows a nearly Gaussian distribution, centred around June.
Ancillary observations to locate the Saharan dust plume over a measuring site included satellite aerosol-related data [aerosol load from MODIS (Moderate Resolution Imaging Spectroradiometer) and real-color pictures from the SeaWiFS (Sea-viewing Wide Field-of-view Sensor) sensors] for mutual comparison with the aerosol data from dust forecast models were used. Cloud screening (water or ice clouds) is performed prior to the storage of the data into the central database.
Results and discussion
In this section we will focus on the statistical analysis of the vertical aerosol profiles during Saharan dust events concerning the aerosol dust layering and the integrated backscatter values. Further on we will discuss on the temporal evolution of AOD and the Angström exponent (AE) values obtained from MODIS satellite observations during the reported period (January 2004-December 2006).
Aerosol dust layers' characteristics
When the lidar technique is applied to characterize the aerosol vertical profile during a dust event, the following layer properties can be derived from the aerosol backscatter profile: the top (z t ), base (z b ), layer thickness and centre of mass, following the procedure proposed by Mona et al. (2006) . Thus, the base of the dust aerosol layer corresponds to the lowest point of a strong increase in the aerosol backscatter profile over the retrieved PBL height (Matthias et al., 2004b) . According to that paper, the annual cycle of the PBL height over Athens shows only a weak dependence on season. However, the highest value of the PBL can reach the value of 2.8 km height mainly during the month of August, while its mean value is of the order of 1.172±0.319 km. In addition, under certain circumstances (less than about 5% of the cases according to BSC/DREAM model) Saharan dust can markedly affect the lowermost levels of the atmosphere, and then the base of the dust aerosol layer is found near ground level. In our data analysis we have considered both possibilities.
On the other hand the top of the desert dust layer is located at an altitude at which the aerosol backscatter becomes zero within the experimental error. Knowing the base and the top of the dust layer, its thickness can be calculated. The center of mass is estimated by the calculation of the backscatter weighted altitude (z c ) (Mona et al., 2006) given as follows, where β represents the aerosol backscatter coefficient: 
Therefore, the backscatter weighted altitude is an approximation of the centre of mass of the aerosol layer that exactly coincides with the true center of mass if both composition and size distribution of the particles are constant with altitude. Thus, the estimate of the center of mass gives us information about the altitude where the most relevant part of the aerosol load is located (Mona et al., 2006) . The methodology for the characterization of a strong dust episode and the dust layer selection for the calculation of the center of mass is described in Figs. 3 and 4 . A typical example of Saharan dust cloud forecasted by the BSC/DREAM model on 11 July 2005 (18:00 UTC) is shown in Fig. 3 . For the city of Athens, that day was a cloud-free day (Fig. 3 -upper part) with a high aerosol load (0.75-1.5 g/m 2 ) of dust particles transported from the western Saharan region to Greece (Fig. 3 -lower part) . The corresponding dust concentration profile forecasted by BSC/DREAM is given in Fig. 4 (black continuous line). The aerosol backscatter vertical profile obtained by the NTUA lidar at 532 nm on the same day (18:00 UTC) shows the presence of a huge dust cloud (dust concentrations reached values of 110 µg/m 3 ) ranging from the top of the PBL (around 2.5 km) up to nearly 7 km height. Inside the PBL (i.e. below 2 km height, estimated by using the method proposed by Menut et al., 1999 ) the model shows only the dust profile and not the actual aerosol profile which also contains aerosols emitted from local sources. For the case study of 11 July 2005 presented in Figs. 3 and 4 , all the criteria adopted in this study for the characterization of a strong Saharan dust episode are fulfilled. BSC/DREAM concentrations reach high values and the model follows the dust vertical distribution as this was measured with lidar. Dust presence is evident both from the model and lidar data for the height range between 2.5 to 7 km. From the profile comparison in Fig. 4 and the fact that the PBL for the time of measurement was found to be at 2.5 km, we conclude that within the 2.5-7 km height range, only dust particles were present.
Following the above mentioned methodology, we calculated the base and top heights for each Saharan dust profile for our selected cases. Table 1 shows the mean, minimum Our results on the geometrical properties of the dust layers, namely the annual cycle of the base and top of the dust layer (upper part) and that of the dust layer thickness (lower part) for the three-year period (January 2004 -December 2006 are presented analytically in Fig. 5 , We see that May, mid July and mid-August are the three periods of the year where the highest dust layer tops (6-8 km height) are observed over Athens. Then mid-September and October also shows the highest values (around 6 km height) of the dust layer top, during the autumn period. On the other hand the dust layer base remains around 2 km height except during mid-May and mid-August when it reaches 3-4 km height. All these may be related to the stronger dust events which occur during this period over the area and to the highest convective activity, mostly observed during the summer period (hottest period of the year). The temporal evolution of the dust layer thickness presented in the lower part of Fig. 5 shows a strong variability around a mean value of 2.7-2.8 km height (see also Table 1), which seems to be typical for the southern Mediterranean region (Mona et al., 2006) . Again May, mid-July and mid-September are the periods of the year when the highest dust layer thicknesses are observed, which corresponds to the strongest dust activity and transport from the Sahara desert to the European continent (Mona et al., 2006; Papayannis et al., 2008) .
In Fig. 6 (upper part) we present the annual cycle of the backscatter weighted altitude of the desert dust layer (z c ) and in the lower part the integrated backscatter coefficient (IBC) for the three-years period (January 2004-December 2006), both retrieved from lidar backscatter data obtained at 532 nm. The solid line in the upper figure is the 5-days sliding average. We observe an intense variability of the center of mass altitude during May and August, which are the months with the higher dust loadings, the stronger dust events and hence, in this period the stronger dust variability may occur . From the IBC annual variability we conclude that even if the occurrences of dust episodes are more often during spring, their intensity is higher on late summer. This finding is in agreement also with the study of Mona et al. (2006) . In that study, the authors observed these maxima on optical depth at 355 nm over Italy mainly during late summer.
Optical properties of the desert dust layer determined from MODIS data
The aerosol optical depth at 550 nm and the Angström exponent (AE) level-2 were obtained by MODIS, which the pixel spatial resolution over Athens was 10×10 km. by Papayannis et al. (2005) , again over Athens. The corresponding AE values, in the case of the Saharan dust outbreaks, range between 0.5 and 0.65, indicating the presence of rather large particles. The corresponding monthly mean values of the AE, AOD and the fine to coarse mode fraction of aerosols are given in Fig. 7 (right) . We see again that during the spring, summer and early autumn months the AOD values present a peak from 0.2 to 0.27 (due to Saharan dust transport events), while the low AE values (around 1.0) and the fine to coarse mode fraction of aerosols (around 0.4) are mostly anti-correlated with the high AOD values. This, as explained previously, indicates the presence of rather large particles during the dust outbreaks. From Fig. 7 we see that these dust outbreaks take part mostly during the early spring-summer extending to the early autumn period as also reported by Papayannis et al. (2008) in the Southern Mediterranean Sea.
Summary and conclusions
The main aim of this work was to present a statistical analysis on the geometrical properties of Saharan dust vertical distribution over Athens, Greece, for a three year period lidar measurements (2004) (2005) (2006) . Springtime (April-May) is the period of the maximum dust event occurrence as indicated both from lidar and MODIS measurements. The lidar observations reported multiple aerosol dust layer and variable thickness (680-4800 m) appearances. The mean center of mass of these layers was approximately calculated at 2900 m, with limited cases of events reaching altitudes over 5000 m. In addition, mean layer thickness was found to be 2700 m and mean top of the layer at 4800 m. BSC/DREAM model aerosol dust climatology showed also predominant dust events for April and May periods. In addition, comparison of lidar retrieved backscatter coefficients and model calculated dust load showed fairly good agreement comparing the vertical profiles of dust aerosols. Trying to quantify the dust contribution to the Athens area, except from the obvious facts of its contribution to the spring months but also to the June-September period, we have to keep in mind that lidar dust analysis becomes difficult with the presence of clouds. Using only lidar or sun-photometric dust climatology leads to an underestimation of the dust effect especially in the winter months were the presence of clouds is more often. In the present study only 2 dust cases have been reported from lidar measurements during the winter period.
Aerosol observations during dust outbreaks obtained from MODIS showed that the AOD values at 550 nm ranged between 0.3-0.6, while the corresponding Angström exponent (AE) values were of the order of 0.5-0.65, indicating the presence of rather large particles. Having in mind that AOD over Athens shows a maximum at July-August period, using MODIS AOD we observe the dust contribution as a secondary peak for April-May months of all three years reported here. These periods are accompanied by small AE and minimum fine to coarse mode ratios indicating the presence of dust particles in the area.
